Spin dependent transport in a ferromagnet-superconductor single-electron transistor is studied theoretically taking into account spin accumulation, spin relaxation, gap suppression, and charging effects. A strong dependence of the gap on the magnetic state of the electrodes is found, which gives rise to a magnetoresistance of up to 100%. We predict that fluctuations of the spin accumulation can play such an important role as to cause the island to fluctuate between the superconducting and normal states. Furthermore, the device exhibits a nearly complete gate-controlled spin-valve effect. DOI: 10.1103/PhysRevLett.93.216805 PACS numbers: 73.23.Hk, 72.25.-b, 85.35.Gv, 85.75.-d Electronic devices, which exploit the spin as well as charge of the electron, have attracted much interest over the last several years. This interest in ''spintronics'' is stimulated by expected industrial applications, such as magnetic tunnel junctions based sensors, magnetic random access memory, as well as basic physics, offering new ways to manipulate quantum states using these two fundamental properties of the electron.
Electronic devices, which exploit the spin as well as charge of the electron, have attracted much interest over the last several years. This interest in ''spintronics'' is stimulated by expected industrial applications, such as magnetic tunnel junctions based sensors, magnetic random access memory, as well as basic physics, offering new ways to manipulate quantum states using these two fundamental properties of the electron.
In nanoscale magnetic devices, such as single-electron transistors (SET's), the presence of a Coulomb blockade makes the charge transport sensitive to a very few electron states, which results in a number of pronounced effects in magnetoconductance (see [1] and references therein for review). The sensitivity to spin imbalance in the SET should be greatly enhanced if the island is made superconducting, since the dependence of the gap on the number of accumulated spins is highly nonlinear. Takahashi et al. [2] analyzed a double tunnel barrier structure with ferromagnetic outer layers and a superconducting central layer (F=S=F) without charging effects. They found that the antiparallel alignment of the ferromagnetic films can produce a nonequilibrium spin accumulation in the central layer, which suppresses the superconducting gap and thereby strongly influences the transport. Andreev processes and the anomalous Hall effect in F=S=F structures have also been studied [3] . Imamura et al. [4] considered the parity effect in a ferromagnetic SET with a superconducting island (F=S=F SET) in the limiting case of charging energy larger than the superconducting gap, low voltage, and zero temperature.
In this Letter we develop a comprehensive model of the F=S=F SET by taking into account spin accumulation, spin relaxation, gap suppression, charging effects, as well as conduction fluctuations in experimentally realistic structures, at finite temperatures in the sequential tunneling regime. We find that spin accumulation in the F=S=F SET suppresses the gap, which strongly affects the transport properties. Because of the small volume of the island, the SET exhibits a practically full gate-controlled magnetoresistance (MR) effect [MR 1, corresponding to 1000% in typical giant MR notations] for realistic spin relaxation times. This is in contrast to the F=S=F sandwich structure where the MR vanishes for realistic spin relaxation times. Progressively smaller spin accumulation is required to suppress the gap as the size of the island is reduced, making it feasible to electrically detect just a few nonequilibrium spins. We find that fluctuations of the spin accumulation can play such an important role as to cause giant fluctuations of the gap between the full value at a given temperature and zero (between the super- conducting and normal state at fixed bias and gate voltages). We compare the results of the model with the recent, rather divergent, experimental findings on ferromagnetic SET's [5] [6] [7] . The model geometry is shown in the inset of Fig. 1 . Two ferromagnetic electrodes are connected to a superconducting island through tunnel junctions. The tunnel resistance is assumed to be much larger than the quantum resistance, R i R Q h=e 2 ' 26 k. We assume collinear magnetization of the two electrodes, and the magnetization of the left electrode can be either parallel (P) or antiparallel (AP) to the magnetization of the right electrode. The resistance of the tunnel junctions is spin dependent:
Here the polarization is of the same sign (P L P R > 0) for the parallel alignment, and of a different sign (P L P R < 0) for antiparallel. The spin relaxation time can be comparable to or greater than the average time between tunnel events, so that a nonequilibrium spin distribution can accumulate on the island, resulting in a shift in the chemical potential; see Fig. 1 .
We consider the regime where the energy relaxation time is much shorter than the average time between two successive tunnel events (no gap suppression is expected in the opposite, elastic regime; for details see Ref. [8] ). The electrons are then instantaneously thermalized after they have tunneled and are described by the Fermi distribution function. This shift in chemical potential, , is related to the deviation in the number of spins from the equilibrium value, n , for each spin band, "; # :
where
is the BCS density of states, is the density of states at the Fermi energy (per spin) in the normal state, f is the Fermi distribution function, and V is the island volume. The shift in the chemical potential on the superconducting island influences the gap through the BCS gap equation [9] 
where 2 2 p and ! D is the Debye frequency. For arbitrary spin distribution on the island, (arbitrary n " and n # ), solving Eqs. (1) and (2) self-consistently yields the shift in the chemical potential, , and the gap, . In Fig. 1 the chemical potential and the gap as a function of the spin imbalance, s n " ÿ n # , are shown for the case n " ÿn # . When the spin imbalance increases, there is a critical value of s where the gap discontinuously drops to zero and the chemical potential drops to a lower value. After the complete suppression of the gap the chemical potential increases linearly with the slope of 1=V as in the normal conducting case. Reducing the spin imbalance restores the gap at the same critical value of s. The above critical spin accumulation is closely related to the Clogston-Chandrasekhar limit (also known as the Pauli paramagnetic limit), who showed [10] that if the exchange splitting exceeds = 2 p then the normal metal state is energetically favorable over the s-wave superconducting state. Such exchange splitting (in our case the nonequilibrium spin level splitting ) leads to Cooper pair breaking.
The transport properties are determined by the tunneling rates according to the ''orthodox theory'' (see [11] for review), where the rates are obtained by the Fermi golden rule taking into account the charging energy of the island. The tunneling rates depend on the charge of the island through n n " n # , as well as n " and n # separately, through the dependence of and on n " and n # . The tunneling rates are spin dependent also through the spin dependent resistances:
is the change in the charging energy for tunneling one electron on or off the island through the left or right junction, C C L C R C g and n g C g V g =e. Tunneling events that increase the energy have exponentially small rates when k B T e 2 =C (zero at T 0), resulting in vanishing current through the device (Coulomb blockade) below a threshold bias voltage, V th . In this Letter we focus on the magnetotransport properties in the sequential tunneling regime, with a nonvanishing current through the structure and resistance exceeding the quantum resistance. Higher order processes, such as cotunneling, are expected to have weak spin accumulation [12] . In what follows we choose the parameter space to represent the typical nanolithographically fabricated SET structures. We therefore consider SET's with island dimensions in the 10 5 -10 6 nm 3 range, such that up to a hundred states will participate in the transport. The relatively large number of states involved makes the Monte Carlo method [13] more suitable than the master equation approach. The intertwined dependence of the gap, the chemical potential, and the spin accumulation can be included in a straightforward way with the Monte Carlo method. Moreover, the fundamental stochastic nature of tunneling and the resultant fluctuations in the spin transport through the structure are well modeled by the Monte Carlo procedure.
The state of the system is determined by n " and n # , from which the gap and shift in chemical potential are calculated using Eqs. (1) and (2) . After obtaining and , the eight possible tunneling rates are computed, which increase or decrease n " or n # by one. The interval zero to one is then divided into eight segments with widths proportional to the tunneling rates and a random number in the interval 0; 1 chooses one out of eight events. The probability to preserve the present configuration decays as P expÿt ÿ t 0 ÿ , where t 0 is the time of the previous tunnel event and ÿ is the sum of the eight tunneling rates. The spin flip process is then accounted for in a phenomenological way by letting s ! 21=2s expfÿt ÿ t 0 = sf g, where sf is the spin flip time and denotes rounding to the closest integer. This approach is the standard way to treat spin relaxation on small islands [14] . The procedure is repeated, keeping track of all quantities, until good statistics is obtained.
The dynamic effect of gap suppression is shown in Fig. 2 , where the spin accumulation and superconducting gap are plotted versus time at fixed bias and gate voltages. As soon as the spin imbalance reaches the critical value (18 for these device parameters), the gap drops to zero and the island goes normal. At the critical bias, fluctuations of only a few polarized spins on the island cause giant fluctuations of the order parameter from the full value at the given temperature to zero. This effect should be directly observable in experiments employing time resolved (<1 s scale) conductance measurements. Typical current-voltage (I-V) measurements (>1 ms time constant) record the gap, which is a time average of the dynamic gap shown in Fig. 2 . Figure 3 shows this mean value of the superconducting gap, hi, as well as its standard deviation, h 2 i ÿ hi 2 1=2 , as a function of bias voltage. The fluctuations result in a smooth rather than discontinuous transition from the superconducting to the normal state. Contrary to what would be intuitively expected, spin accumulation on the island in the P state can be very large at a given time. The magnitude of spin fluctuations about the zero average spin accumulation in the P state increases in proportion to the amount of particle current through the island, which carries charge and spin. At sufficiently large particle currents these spin fluctuations can reach the critical value for a given temperature, thereby suppressing the gap. This unexpected effect is a consequence of the stochastic dynamics of spin-polarized transport through the device, since the time averaged spin accumulation in the parallel state is zero. This effect, even though not forbidden in principle in the N=S=N SET, is enforced by spin polarization of the tunneling electrons in the F=S=F device. Figure 4(a) shows the time averaged I-V characteristics of the ferromagnetic SET in both the AP and P states. At the critical bias, the gap suppression leads to a threefold increase in current as a function of the magnetic state of the device, which results in a correspondingly large negative magnetoresistance. An even stronger MR effect, MR > 0:8 is obtained at the critical bias by applying a gate voltage as shown in Fig. 4(b) . The island size chosen for the illustration above is representative of typical experimental implementations today, but not the smallest fabricated to date. For smaller superconducting islands, progressively fewer spins are needed to produce the full effect of gap suppression, with MR reaching 1. Increasing the spin relaxation time or reducing thermal excitations by going to lower temperatures enhances the effect. 0.1 ns [16] have been reported. Assuming a spin relaxation time of sf 1 ns, T 0:05 K, R 30 k, and E c 100 eV, this sample would have the transport characteristics shown in Figs. 1-4 . Increased sf in the superconducting state has been predicted theoretically [17] , which would lead to stronger gap suppression and higher MR. To demonstrate the greatly increased spin sensitivity due to the small island, we plot the film MR for the same sheet resistance (R junction area), temperature, spin flip time, and aluminum film thickness. The peak MR expected in an F=S=F sandwich film is only 5% to be compared to 70% for the SET.
When we compare our theoretical results with the recent experiments on F=S=F SET's [5, 6] , we draw the conclusion that the reported MR is unlikely due to gap suppression by spin accumulation. The volume of the islands studied was rather large in both experiments (V 10 7 eV ÿ1 ) and the temperature relatively high (T 0:25 K). The combined effect of large volume and high temperature would give insignificant gap suppression in the voltage interval where large MR was reported. There are several other points where our simulations do not agree with the interpretation of experiments reported. In both experiments the maximum MR was observed at or below the threshold voltage, eV th 2 E c . In our calculations we always find V th to be the same in the two states, and the maximum MR occurs above V th . Further, the extracted gap in [5] did not go to zero monotonically with increasing voltage but had a maximum at an intermediate voltage. More experiments are needed to resolve these controversies.
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